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As coal mining proceeds deeper, coal and rock are subjected to growing stresses and gas pressures. Consequently,
coal and rock gas dynamic disasters pose more and more considerable threats and hazards which should be
warned in advance. Coal and rock in the field is actually in the true triaxial stress state. Study on deformation
characteristics and precursory information of coal and rock under this state is meaningful for disaster warning. In
this paper, experiments on the deformation, failure and acoustic emission (AE) characteristics of gas-bearing coal
under true triaxial loading conditions were carried out. Besides, the variation law and fractal characteristics of
AE under different gas pressures and confining stresses were analyzed. Furthermore, the effects of gas pressure
and confining stress on the deformation, failure and fractal characteristics of coal were discussed. The results
show that the process of AE variation under true triaxial loading conditions can be divided into two stages,
namely the slow growth stage and the accelerated growth stage. A higher gas pressure corresponds to a shorter
duration of slow growth stage, while a higher confining stress corresponds to a longer duration of slow growth
stage. AE time series has fractal characteristics, and the correlation dimension can characterize the damage
degree of a loaded coal sample. The dynamic changes, i.e., fluctuation-increase-decrease, in correlation
dimension can accurately reflect the damage evolution process of a coal sample. In addition, the gradual
reduction of correlation dimension can be used as the precursor information of coal sample instability and
damage. The research results boast instructive significance for preventing the occurrence of coal and rock gas
dynamic disasters and for reducing casualties and property loss in coal mines.

deformation will be dissipated and released during micro-crack propa-
gation. The phenomenon of strain energy release in the form of elastic
wave in this process is called acoustic emission (AE) [8-14]. AE, a non-
destructive testing method, is widely used for monitoring the deforma-

1. Introduction

With the increasing demand for energy, shallow coal resources have
gradually shrunk, and coal mines have successively entered the stage of

deep mining in recent years in China. Continuously deepening coal
mining has caused notable changes in stress and gas environment,
especially coexistence of high stress and high gas pressure [1-3]. In this
complex environment, dynamic disasters in coal mine such as coal and
gas outburst (extrusion) and rock burst are occurring more and more
frequently and intensely [4-7]. The fact presents high requirements for
researches on the mechanism and prevention and control measures of
coal mine gas dynamic disasters.

Strain energy accumulated in coal and rock during loading

tion and fracturing process of rock materials. Its variation law can reflect
the storage and consumption of elastic strain energy within materials. In
field mining environment, gas is an essential factor involved in coal
mine gas dynamic disasters [15-18]. AE characteristics of gas-bearing
coal in the process of loading and fracturing have been extensively
researched on. Ma et al. [19] investigated the dynamic adsorption
seepage process and AE characteristics of coal, concluding that the AE
intensity was the highest in the initial stage of adsorption. Zhao et al.
[20] tested the AE characteristics and confining stress effect of gas-
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bearing coal under triaxial compression, and analyzed the parameters of
AE events. The research by Yin et al. [21] revealed that parameters such
as AE, stress and gas flow of gas-bearing coal were well correlated under
different stress paths. Niu et al. [22] studied AE characteristics of gas-
bearing coal during loading and damage evolution. Kong et al. [23]
adopted the critical slowing down theory to explore the variance and
auto-correlation coefficient of AE time series of gas-bearing coal under
triaxial conditions.

The fractal theory, proposed by Since Mandelbrot [24] in 1977, has
been fully applied in various fields. Xie [25] successfully combined
fractal geometry with rock mechanics and put forward the concept of
fractal rock mechanics. Since then, a large number of studies have been
conducted on the fractal characteristics of AE during coal and rock
damage. Yin et al. [26] established and analyzed the AE fractal model in
the process of rock failure. They believed that the continuous decrease in
fractal dimension could be taken as the precursor information of rock
instability and failure. Xie et al. [27] probed into the fractal character-
istics of AE in the process of layered salt rock failure. Wu et al. [28]
found that different rocks exhibited resembling AE fractal characteristics
under uniaxial compression. Kong et al. [29] and Li et al. [30] calculated
the correlation dimension of AE events of coal under triaxial conditions,
holding that the continuous decline in correlation dimension indicated
the instability failure of a coal sample. Zhang et al. [31] discussed the AE
fractal characteristics of coal samples under uniaxial compression by
adopting the single-link cluster method.

Previous studies mainly focused on the test of coal and rock under
uniaxial or conventional triaxial conditions. In fact, the occurrence of
coal and rock gas dynamic disasters is affected by both three-
dimensional stress disturbance and gas. Currently, fractal characteris-
tics of AE of gas-bearing coal subjected to true triaxial loading have been
rarely reported. In this paper, a true triaxial loading experiment was
performed on coal samples. During the experiments, AE data were ac-
quired for investigating the fractal characteristics of AE time series of
coal samples under different gas pressures and different confining
stresses. Finally, the effects of gas pressure and confining stress on the
fracturing process and fractal characteristics were discussed. The
research results boast guiding significance for preventing the occurrence
of coal and rock gas dynamic disasters and reducing casualties and
property loss in coal mines.

2. Experiment and method
2.1. Sample preparation

In this experiment, raw coal was taken from the working face of No. 2
Coal Mine of Pingdingshan Tian’an Coal Co., Ltd. in Henan Province,
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China. In hope of maintaining the original state of the coal, a large coal
sample was selected and processed into cubical samples with the size of
100 mm x 100 mm x 100 mm. The ends of each sample were smoothed
with a millstone to make the roughness smaller than 0.05 mm. As
illustrated in Fig. 1(a), the prepared samples were numbered and placed
in a constant-temperature incubator for storage. During the experiment,
gas injection and deflation is required. In order to ensure the tightness of
the entire experimental system, the sample is wrapped with heat
shrinkable tube. This will not affect the rupture process of the sample,
and the presence of heat shrinkable tube will completely preserve the
rupture pattern of the sample, which is conducive to subsequent anal-
ysis. When conducting experiments, the samples under different condi-
tions need to be filled with gas at different pressures, so circular hole are
reserved on the surface of heat shrinkable tube, as shown in Fig. 1(b).

2.2. Experimental system

The true triaxial gas-bearing coal deformation and failure experi-
mental system consisted of an axial loading subsystem, a confining stress
control subsystem, an experiment chamber, a gas seepage subsystem
and an AE monitoring subsystem, as shown in Fig. 2. The axial loading
subsystem and confining stress control subsystem, together with the
experiment chamber, was fixed inside the press. The maximum principal
stress 67 was controlled by the YAW4306 electro-hydraulic servo pres-
sure testing machine which could achieve displacement loading and
stress loading and simultaneously collect and display data in real time.
The medium principal stress 65 and the minimum principal stress o3
were powered by two hydraulic cylinders which could achieve
displacement loading and stress loading. The AE monitoring subsystem,
i.e., the Express-8 AE equipment (Physical Acoustics Corporation, the
United States), was equipped with 8 AE data acquisition channels. The
signals acquired by the AE sensors were amplified by the preamplifier
and then transmitted to the acquisition card. AE counts, energy,
amplitude and other information could be collected in real time through
the supporting software AEwin for Express-8.

2.3. Experimental program

Coal is affected by both three-dimensional stress disturbance and gas
during working face recovery. A true triaxial loading experiment was
designed for simulating the stress and gas conditions in deep mines. In
the experiment, the medium principal stress 62 was set as 11 MPa, 15
MPa, and 19 MPa, the minimum principal stress 63 as 9 MPa, 11 MPa,
and 15 MPa, and the gas pressure as 0 MPa, 0.3 MPa, 0.5 MPa, and 0.8
MPa, respectively. The stress path is shown in Fig. 3. Three coal samples
were selected under each experimental condition. The experimental

(b)

Fig. 1. Experimental samples.
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Fig. 2. Schematic diagram of the experimental system (a) The true triaxial gas-bearing coal deformation and failure experimental system; (b) axial loading sub-
system; (c) confining stress control subsystem; (d) experiment chamber; (e) gas seepage subsystem; (f) AE monitoring subsystem.

conditions for each coal sample are given in Table 1 (in the table, “TTC”
indicates that coal samples are subjected to true triaxial compression,
“0” indicates that the gas pressure is 0 MPa, “11” indicates that the
medium principal stress 65 is 11 MPa, and “1” indicates that the number
of coal sample is 1. This nomenclature is applied for other similar terms
in the table). The specific experimental procedure is as follows:

(1) The coal sample was placed into the experiment chamber, and
then the gas injection and vacuum pumping system was con-
nected to check air tightness.

(2) After the preparation, gas was injected into the chamber ac-
cording to the experiment conditions. The coal sample was
allowed to adsorb gas for 24 h until gas adsorption equilibrium
was reached.
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Fig. 3. Stress path diagram.

(3) Stresses 61, 62 and 63 were applied to the coal sample in the mode
of hydrostatic loading (67 = 62 = 63) until the set value of 63 was
reached. Afterwards, with o3 maintained constant, the applica-
tion of stresses 67 and 65 continued until the set value of 65 was
reached. Next, with o kept constant, the axial stress 6; was
continuously applied at the rate of 500 N/s until the coal sample
was destroyed.

(4) Stress, strain and AE data of the sample during in the failure
process were simultaneously acquired for subsequent processing.

2.4. Calculation method of fractal characteristic

Grassberger and Procaccia proposed the G-P algorithm in 1983
[32,33]. In light of this algorithm and the phase space reconstruction
theory, the correlation dimension of a specific time series, which can
reflect the fractal characteristics of the time series, is calculated.

With experimentally obtained AE data taken as the research object, a
series of vectors X with a capacity n can be obtained [29]:

X = {x1,%, ..., %} (€9)]

where X is the vector in the reconstructed phase space, and n is the
capacity of the reconstructed phase space.

The first m numbers in Eq. (1) are regarded as the first m-dimensional
phase space vector, as expressed by Eq. (2):

Xy = {x1, %2, ..., X } 2)

Based on Eq. (2), one more datum is selected backward to obtain a
second phase space vector:

Xy = {x1,%, .., Xm 4 1} 3

Furthermore, one more datum is selected backward in turn to get N
= n-m + 1 vectors, and the correlation function Y is defined as:
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Table 1
Experimental conditions of coal samples.
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No. Sample No. Length (mm) Width (mm) Height (mm) o2 (MPa) o3 (MPa) Gas pressure (MPa)
1 TTC-0-1 100.2 99.6 100.5 19 15 0

2 TTC-0-2 100.2 99.7 101.4 19 15 0

3 TTC-0-3 99.1 100.3 99.6 19 15 0

4 TTC-0.3-1 100.6 99.7 101.2 19 15 0.3

5 TTC-0.3-2 99.2 101.6 100.4 19 15 0.3

6 TTC-0.3-3 100.7 99.5 101.4 19 15 0.3

7 TTC-0.8-1 100.5 101.2 98.6 19 15 0.8

8 TTC-0.8-2 99.6 101.3 99.6 19 15 0.8

9 TTC-0.8-3 99.2 99.5 100.3 19 15 0.8

10 TTC-11-1 100.1 100.5 99.6 11 9 0.5

11 TTC-11-2 98.7 99.5 100.2 11 9 0.5

12 TTC-11-3 99.2 100.3 100.4 11 9 0.5

13 TTC-15-1 99.7 99.3 101.2 15 11 0.5

14 TTC-15-2 101.2 100.1 100.2 15 11 0.5

15 TTC-15-3 98.2 99.5 99.4 15 11 0.5

16 TTC-19-1 100.2 100.6 98.6 19 15 0.5

17 TTC-19-2 99.6 99.1 100.2 19 15 0.5

18 TTC-19-3 100.2 100.1 100.4 19 15 0.5

1 count and accumulative AE energy grow slowly. The reason is as follows:
Y(r) = N 2 2 H [r - |Xi - XJ‘| } C)) Under a relatively low stress level, the sample remains basically in the

=1 j=1

where H is the Heaviside function which can be expressed as [30]:

Hw ={ %5y ®)

where r is a given scale function. To avoid dispersion, the value of r can
be calculated by:

=k 3 x| ©

=1 j=1

where k is the scale factor, and its value takes 0.2, 0.4, 0.6, 0.8, 1.0, 1.2
and 1.4 here because the fractal characteristics of the corresponding
time series will become unobvious when k < 0.1 [34].

There is a correlation function Y(r) corresponding to each given r.
The points (Inr, InY(r)) are expressed and fitted in double logarithmic
coordinates. If the fitted result is a straight line, the corresponding time
series has fractal characteristics at a given scale. In this case, the cor-
relation dimension D is the slope of the fitted straight line:

D = InY(r)/Inr ()]
3. Experimental results
3.1. AE time series characteristics

Select the No. 1 sample under each experimental condition for
analysis. The experimental results of stress-AE under different gas
pressures are presented in Fig. 4. The results show that peak stress of the
sample decreases continuously with the increase of gas pressure. The
peak stresses under the gas pressures of 0.3 MPa and 0.8 MPa are 15%
and 30% lower than the value under 0 MPa respectively, indicating that
the presence of gas weakens the bearing capacity and strength of the
sample. AE can reflect the damage and destruction process of a sample.
As can be seen from Fig. 4, AE exhibits similar variation laws under
different gas pressures. As the stress increases, AE count and AE energy
both show a rising trend, which corresponds well to damage evolution
process of the sample. Meanwhile, the AE variation process under
different gas pressures can be divided into two stages, according to
accumulative AE count and accumulative AE energy:

(D) Slow growth stage: In this stage, AE signals which mostly belong
to paroxysmal signals tend to be gentle, with few AE events occurring.
AE count and AE energy remain at low levels, and accumulative AE

compaction and elastic deformation stage where elastic energy accu-
mulates inside the sample and micro-cracks primarily develop slowly in
a small range. Meanwhile, as the gas pressure rises, the duration of slow
growth stage shortens: The stage lasts 696 s, 627 s and 415 s under the
gas pressures of 0 MPa, 0.3 MPa and 0.8 MPa, respectively. The dura-
tions under the gas pressures of 0.3 MPa and 0.8 MPa are 9.9% and
40.3% shorter than that under 0 MPa, respectively, because gas weakens
the bearing capacity of a sample and reduces the energy storage
threshold of the sample. Moreover, compared with the gas pressure of 0
MPa and 0.3 MPa, the first stage of AE count and energy is relatively
high when the gas pressure is 0.8 MPa. This is because under higher gas
pressure, gas weakens the bearing capacity of a sample more severely,
the pore cracks inside the sample develop faster, releasing more elastic
energy, so relatively active AE signal will be generated when the stress
level is low.

(II) Accelerated growth stage: When stress exceeds a certain value,
AE signal increases significantly; AE count and AE energy grow rapidly;
and the corresponding accumulative AE count and accumulative AE
energy show a trend of accelerated growth. Under different gas pres-
sures, the stresses corresponding to the significant increase in AE signal
differ. As can be observed from Fig. 4, the gas pressures 0 MPa, 0.3 MPa,
and 0.8 MPa correspond to the stresses 54.3 MPa, 48.7 MPa, and 32.4
MPa, respectively. That is, the stress falls with the rise of gas pressure. In
addition, in the accelerated growth stage, AE displays varying variation
laws under different gas pressures. Specifically, when the gas pressure is
0 MPa and 0.3 MPa, large and small AE signals appear alternately, and
the occurrence of large signals is paroxysmal. This phenomenon suggests
that the damage and failure of the sample is not a continuous process,
but a process of micro-crack development, extension and penetration
and gradual macro-fracture formation. When the gas pressure is 0.8
MPa, the occurrence of large signals is no longer paroxysmal, which
indicates that the sample is the most severely damaged under the gas
pressure of 0.8 MPa in comparison with the case under 0 MPa and 0.3
MPa. The result further verifies the effect of gas in weakening the
bearing capacity of a coal sample.

The experimental results of stress-AE under different confining
stresses are disclosed in Fig. 5. According to the results, the peak stress of
the sample increases continuously with the increase in confining stress.
The peak stresses under the confining stresses of 15 MPa and 19 MPa are
8.7% and 12.8% higher than the value under 11 MPa, respectively,
which demonstrates that the confining stress promotes the strength,
energy storage threshold, and bearing capacity of the sample. From
Fig. 5, the AE variation laws under different confining stresses resemble
those under different gas pressures: AE count and AE energy both rise
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Fig. 4. Experimental results of AE under different gas pressures (a) AE count under 0 MPa; (b) AE energy under 0 MPa; (c) AE count under 0.3 MPa; (d) AE energy

under 0.3 MPa; (e) AE count under 0.8 MPa; (f) AE energy under 0.8 MPa.

continuously with the increase in stress, reaching the maximum when
the sample nearly completely fails. The two parameters can accurately
reflect the damage evolution process of the sample. Meanwhile, the AE
variation process under different confining stresses can also be divided
into the slow growth stage and the accelerated growth stage, according
to accumulative AE count and accumulative AE energy:

(I) Slow growth stage: In this stage, the sample is basically in the
hydrostatic loading stage and the early stage of axial continuous
loading. Under a low stress level, internal micro-cracks develop poorly
and merely expand and extend in a small range. The corresponding AE
signals mostly belong to paroxysmal signals whose accumulative AE
count and accumulative AE energy grow slowly. Meanwhile, the dura-
tion of slow growth stage lengthens as the confining stress rises. The
stage lasts 365 s, 455 s and 470 s under the confining stresses of 11 MPa,
15 MPa and 19 MPa, respectively. The durations under confining

stresses of 15 MPa and 19 MPa are 24.7% and 28.8% longer than the
duration under 11 MPa, respectively, because confining stress promotes
the strength and elastic energy storage threshold of the sample.

(I) Accelerated growth stage: When micro-cracks become connected
locally, AE signal increases remarkably, and accumulative AE count and
accumulative AE energy become more and more active, indicating the
entrance of AE into the accelerated growth stage. Under different
confining stresses, the stresses corresponding to the entrance differ. As
illustrated in Fig. 5, the confining stresses 11 MPa, 15 MPa, and 19 MPa
correspond to the stresses 28.8 MPa, 35.7 MPa, and 36.9 MPa, respec-
tively. That is, the stress rises with the increase in confining stress.
However, the stress corresponding to 19 MPa is not significantly
different from the stress corresponding to 15 MPa. The reason is as
follows: Primary cracks inside the sample close under the action of
confining stress, and the existence of confining stress increases the
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Fig. 5. Experimental results of AE under different confining stresses (a) AE count under 11 MPa; (b) AE energy under 11 MPa; (c) AE count under 15 MPa; (d) AE
energy under 15 MPa; (e) AE count under 19 MPa; (f) AE energy under 19 MPa.

friction force that has to be overcome during friction sliding of cracks
and hence inhibits crack development. When the confining stress is 19
MPa, the closure of primary cracks is accompanied by the generation of
some secondary cracks under the action of high confining stress and gas
pressure, which raises the damage degree of coal to some extent. As a
result, local connection of cracks occurs earlier, and AE enters the
accelerated growth stage earlier accordingly.

3.2. Determination of phase space dimension

According to the G-P algorithm, the value of phase space dimension
m has a considerable influence on the correlation dimension D value of a

specific time series. Therefore, it is necessary to select the appropriate
phase space dimension before calculating the correlation dimension of
AE time series. The variations of correlation dimension with phase space
dimension under different gas pressures and confining stresses are dis-
played in Fig. 6 which reveals that the correlation dimension exhibits
the same variation trend with the change of phase space dimension: The
correlation dimension increases with the growth of phase space
dimension, but it tends to stabilize and ceases increasing after the phase
space dimension reaches a certain value. According to the previous
study, AE time series exhibits good fractal characteristics when the
correlation dimension becomes stable [35]. In this paper, the value of m
at the moment when the correlation dimension starts to stabilize is taken
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Fig. 6. Determination of phase space dimension (a) Under different gas pressures; (b) Under different confining stresses.

as the phase space dimension for subsequent calculations. From Fig. 6,
the phase space dimensions under gas pressures 0 MPa, 0.3 MPa, and
0.8 MPa are taken as 110, 380, and 100, and those under confining
stresses of 11 MPa, 15 MPa, and 19 MPa are taken as 240, 230, and 60,
respectively.

3.3. Fractal characteristics of AE time series

AE time series under different gas pressures were calculated in
accordance with the selected phase space dimensions. Furthermore, the
relationship between Inr and InY(r) was obtained, and the points (Inr, InY
(r)) were subjected to linear fitting. According to the fitting results
(Fig. 7), the correlation coefficients R? of fitted lines are all greater than
0.9, and Inr is strongly linearly correlated with InY(r), manifesting that
the AE time series has obvious fractal characteristics in the whole frac-
turing process under different gas pressures. The correlation dimensions
of AE time series under gas pressures of 0 MPa, 0.3 MPa and 0.8 MPa are
0.2596, 0.2716 and 0.2739, respectively. In short, a higher gas pressure
means more obvious fractal characteristics of AE time series.

Fractals can describe the degrees of self-similarity [36-43], and the
larger the correlation dimension, the stronger the degree of self-
similarity of AE time series. When the gas pressure is 0 MPa and 0.3
MPa, the sample possesses strong resistance to deformation. Under the
effect of stress, a large number of micro-cracks are generated and
propagated, with sufficient friction sliding between the cracks. The
entire damage and fracturing process is relatively complicated, and the
sample undergoes discontinuous macroscopic fracturing. AE events in
this process are also complicated; large and small AE signals appear
alternately; and the appearance of large AE signals is paroxysmal. Thus,
the self-similarity degree of AE time series is low under the two gas
pressures. When the gas pressure is 0.8 MPa, the bearing capacity of the
sample is weakened by gas which enters and fills the primary pores and
cracks to further expand them and reduce the surface tension and

friction between them. Under the action of stress, the sample gets
severely damaged in an intense fracturing process, and the corre-
sponding AE events mainly belong to large events. Thereby, the self-
similarity degree of AE time series is the highest under this gas pressure.

The relationship between Inr and [nY(r) under different confining
stresses is illustrated in Fig. 8. The correlation coefficients R? of fitted
lines are all greater than 0.9, and Inr and [nY(r) share a good linear
relationship. This result demonstrates that AE time series has evident
fractal characteristics in the whole fracturing process under different
confining stresses. The correlation dimensions of AE time series under
confining stresses of 11 MPa, 15 MPa, and 19 MPa are 0.4889, 0.7238,
and 0.5018, respectively. The correlation dimension grows first and then
drops as the confining stress rises. The fractal characteristics of AE time
series are the strongest under the confining stress of 15 MPa.

Under the confining stress of 11 MPa, the sample has weak resistance
to deformation; the degree of closure of primary cracks is relatively low;
cracks can connect locally under a smaller stress. Consequently, the
sample experiences severe and intense failure and produces complex AE
signal, so the self-similarity degree of AE time series is low. When the
confining stress is 15 MPa, the degree of closure of primary cracks goes
up; both the friction force that has to be overcome during friction sliding
between cracks and the lateral supporting force that the confining stress
gives to the coal increase, which decides that the instability and
destruction of coal requires more energy. Resultantly, the destruction
process is relatively smooth, and the self-similarity of AE time series is
enhanced. When the confining stress is 19 MPa, under the action of high
confining stress and gas pressure, primary cracks close and some sec-
ondary cracks occur, which raises the damage degree of coal, so that
local connection of cracks occurs earlier. Due to the supporting effect by
confining stress, the sample is of a higher crack extension and connec-
tion degree before instability and failure. Compared with the previous
case (confining stress 15 MPa), the sample undergoes more severe
fracturing and generates more active AE events under 19 MPa, and the
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self-similarity degree of AE time series is lowered.

On the basis of the above analysis, it can be concluded that corre-
lation dimension can reflect the damage degree of a loaded sample
[29,30,34,35]. Hence, correlation dimension can be taken as a param-
eter to describe damage degree and mechanical properties of a coal
sample.

The relationship between Inr and InY(r) can reflect the overall fractal
characteristics of AE time series. However, AE signals are dynamically
varying process which occurs simultaneously with the damage and
destruction of a coal sample. To obtain the variation law of fractal
characteristics of AE in the whole damage and destruction process, the
correlation dimensions of AE time series at different stress levels were
calculated (Fig. 9).

It can be observed from Fig. 9 that the correlation dimension values
differ significantly at different stress levels, but they vary in resembling
trends under different gas pressures and different confining stresses.
When the stress level is 0%-20%, the correlation dimension fluctuates.
This is because coal contains primary pores and cracks with different
numbers and sizes. At this time, the coal sample basically remains in the
compaction stage where some primary pores and cracks close due to the
continuous increase in stress while some cracks expand in a small range.
The sample undergoes complicated damage evolution and produces
extremely disordered AE events. When the stress level is 20%-55%, the
correlation dimension shows an upward trend. This is because the coal
sample has stepped into the elastic deformation stage. As the load

increases, cracks begin to extend and connect locally. In this stage, the
damage of the sample becomes localized, and the main fracture area
gradually forms within the sample. With the damage and fracturing of
the sample getting increasingly ordered and local, the AE events become
more and more active and AE time series exhibit strong regularity. When
the stress level exceeds 60%, the correlation dimension gradually de-
creases, reaching the minimum at the moment of sample failure. This is
because the coal sample enters the yield deformation and failure stage.
In this stage, stress is concentrated in the main fracture area; the sample
begins to fail at an accelerate rate; and AE events increase significantly.
When the stress level exceeds a certain value, elastic energy accumu-
lated in the sample exceeds the energy storage threshold. Consequently,
the main fracture area is completely penetrated, and macroscopic frac-
tures occur in the sample. In this period, AE events are highly disor-
dered, and the fractal characteristics of AE time series gradually weaken.
The correlation dimensions of AE time series under different condi-
tions differ remarkably, but they share similar dynamic variation trends,
indicating that the overall failure processes of samples under different
true triaxial loading conditions are macroscopically consistent. The
dynamic changes, i.e., fluctuation-increase-decrease, in correlation
dimension can accurately reflect the damage evolution process of a
sample. At the same time, the gradual reduction in the correlation
dimension can be regarded as the precursor information for instability
and damage of coal sample. This finding has guiding significance for
preventing the occurrence of coal and rock gas dynamic disasters.



R. Zhang et al.

Measurement 169 (2021) 108349

0.0 - 0.0 -
® -11-
> Lincar itn v TICIs
g ° Linear fitting M
02 |
0.4 |
04 |
0.8 |
=06 =
> >
= £
-0.8 | 12k
D=0.4889 D=0.7238
or o sk, R?=0.9418
R"=0.9246
[
12 b
1 1 1 1 1 _2.0 " 1 L 1 " 1 " 1 2 J
7.5 8.0 8.5 9.0 9.5 10.0 7.0 75 8.0 85 9.0 9.5
Inr Inr
(a) (b)
0.0 -
A TTC-19-1 R
02k — Linear fitting
04 F
~ 0.6 -
&
>
=
=~ 08|
1.0 - D=0.5018
2_
R R?=0.9009
12 f
14 1 1 1 1 )
55 6.0 6.5 7.0 7.5 8.0

Inr

(©)

Fig. 8. Relationship between Inr and InY(r) (a) Under the confining stress of 11 MPa; (b) Under the confining stress of 15 MPa; (c) Under the confining stress of

19 MPa.

4. Discussions
4.1. Effect of gas pressure on coal sample damage process

Gas can alter the mechanical properties of coal [15,16,17,44,45].
From Fig. 4, the strength of coal decreases with the rise of gas pressure.
Gas, which exists in coal in two states (free gas or adsorbed gas), mainly
exerts four stages (seepage, diffusion, adsorption, and desorption) of
effects on the loading and fracturing process of coal.

Gas adsorbs on coal before the start of continuous loading. This
process mainly involves free gas whose influence on the mechanical
properties of a coal sample consists of two aspects: First, in the initial
stage of adsorption, gas enters the sample and flows in primary pores
and cracks in a free state. The continuously flowing high-pressure free
gas further promotes the expansion and development of primary pores
and cracks. Meanwhile, it expands the volume, reduces the density, and
change the internal structure of the sample, eventually raising the
damage degree. Second, after gas adsorption equilibrium is reached in
the sample, free gas will adhere to the surface of adjacent cracks, which
reduces the surface tension between micro-cracks. Macroscopically, the
viscosity between micro-cracks is reduced; less friction force is needed to
overcome friction sliding between the cracks; and less stress and energy

is required for the extension and connection of micro-cracks. As a result,
the coal sample whose strength drops loses stability and fails at an
accelerated rate.

The increase in stress will result in elastic energy accumulation in
coal. After the gas adsorption equilibrium is reached, adsorbed gas is
stored in coal as gas potential energy. The failure process of a loaded
coal sample is determined by the joint action of elastic energy and gas
potential energy accumulated in the sample. With the continuous in-
crease in load, micro-cracks develop and expand continuously. When
cracks connect locally inside the sample, gas adsorbed inside the sample
will be desorbed in a very short time and enter the locally connected
fracture area, which accelerates the failure process of the sample. A
higher gas pressure corresponds to greater gas potential energy stored in
the sample, a larger amount of desorbed gas, and a stronger effect in
accelerating sample failure.

A conclusion can be drawn that the decrease in the strength of gas-
bearing coal is caused by the joint action of free gas and adsorbed gas
whose mechanisms of action are different. Free gas mainly reduces the
strength of the sample by altering its internal structure, while adsorbed
gas reduces the strength by accelerating its failure process through gas
desorption.
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Fig. 9. Dynamic variations of correlation dimensions under different stress levels (a) Under the gas pressure of 0 MPa; (b) Under the gas pressure of 0.3 MPa; (c)
Under the gas pressure of 0.8 MPa; (d) Under the confining stress of 11 MPa; (e) Under the confining stress of 15 MPa; (f) Under the confining stress of 19 MPa.

4.2. Effect of confining stress on coal sample damage process

In the true triaxial loading experiment, the change of confining stress
will affect the expand of cracks in the coal sample, thereby further
affecting its rupture process. With the increase of confining stress, the
peak stress of the sample goes up continuously. The peak stress under the

10

confining stresses of 15 MPa and 19 MPa are 8.7% and 12.8% higher
than that under 11 MPa, respectively. This is because under the effect of
confining stress, the original cracks closed in the coal sample. Mean-
while the existence of confining stress will increase the friction force that
needs to be overcome during friction sliding between the cracks, thus
inhibiting crack development. Moreover, confining stress provides
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Fig. 9. (continued).

lateral supporting force to coal sample, which improves the ability of
coal sample to resist instability and damage. It demonstrates that
confining stress enhances the strength, energy storage threshold, and
bearing capacity of the sample. In addition, the strength of the sample
under the confining stress of 15 MPa is 8.7% higher than that under 11
MPa, whereas the strength of the sample under 19 MPa is only 3.7%
higher than that under 15 MPa. This suggests that confining stress does
not always have positive effect on the mechanical properties of the
sample. Under the action of high confining stress and gas pressure,
primary cracks close while some secondary cracks occur, which raises
the damage degree of coal to some extent, so that local connection of
cracks occurs earlier. Excessive confining stress will accelerate the
destruction of coal.

4.3. Effect of gas pressure on fractal characteristics

AE time series have fractal characteristics under different gas pres-
sures. The correlation dimension gradually increases and the fractal
characteristics are enhanced as the gas pressure rises. When the gas
pressure is 0 MPa and 0.3 MPa, the sample owns strong bearing capacity.
Under the action of stress, micro-cracks develop fully, and the entire
damage and fracturing process is rather complicated. Correspondingly,
AE events in this process are complicated, and the appearance of large
AE signals is paroxysmal. Hence, the fractal characteristics of AE time
series are weak under the two gas pressures. When the gas pressure is
0.8 MPa, the bearing capacity of the sample is greatly weakened under
the joint action of free gas and adsorbed gas, and primary cracks further
expand under the effect of free gas. Affected by stress, the sample gets
severely damaged in an intense fracturing process with the desorption of
a large amount of adsorbed gas. The corresponding AE events mostly
belong to large events. Therefore, the fractal characteristics of AE time
series are the most evident under this gas pressure.
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4.4. Effect of confining stress on fractal characteristics

Under different confining stresses, AE time series have fractal char-
acteristics which increase first and then decrease with the rise of
confining stress. Fractal characteristics of AE time series are the stron-
gest when the confining stress is 15 MPa. When the confining stress is
low, the sample possesses weak ability to resist deformation and can
experience local connection of cracks under a low stress. Therefore, the
sample suffers relatively severe failure and generates complicate AE
signals; the self-similarity degree of AE time series is low. After the
confining stress is raised appropriately, the degree of closure of primary
cracks increases; both the friction force required to overcome friction
sliding between cracks and the lateral supporting force that the
confining stress gives to the coal increase, which decides that the
instability and destruction of coal requires more energy. Resultantly, the
destruction process is relatively smooth, and the self-similarity of AE
time series is enhanced. As the confining stress continues to increase, the
sample is subjected to high confining stress and gas pressure, primary
cracks close while some secondary cracks occur, which raises the dam-
age degree of coal to some extent, so that local connection of cracks
occurs earlier. Due to the supporting effect by confining stress, the
sample is of a higher crack extension and connection degree before
instability and failure; the sample undergoes more severe fracturing and
generates more active AE events; and the self-similarity degree of AE
time series is lowered.

5. Conclusions

(1) With the increasing of gas pressure, the peak stress of the sample
decreases continuously. The peak stress under the gas pressures
of 0.3 MPa and 0.8 MPa are 15% and 30% lower than that under
0 MPa, respectively, which suggests that the presence of gas
weakens the bearing capacity and strength of the sample. With
the increase of confining stress, the peak stress of the sample
increases continuously. The peak stress under the confining
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stresses of 15 MPa and 19 MPa are 8.7% and 12.8% higher than
that under 11 MPa, respectively, which indicates that the
confining stress promotes the strength, energy storage threshold,
and bearing capacity of the sample.
Based on accumulative AE count and accumulative AE energy,
the process of AE variation can be divided into two stages, namely
the slow growth stage and the accelerated growth stage. The
duration of the slow growth stage shortens with the increase in
gas pressure, while it lengthens with the increase in confining
stress.

(3) AE time series display obvious fractal characteristics in the whole
sample fracturing process under different gas pressures and
different confining stresses. The correlation dimension can reflect
the damage degree of a loaded coal sample and can thereby be
regarded as a parameter to describe the damage degree and
mechanical properties of a coal sample.

(4) The correlation dimension values differ significantly at different
stress levels, but they share similar dynamic variation trends
under different gas pressures and confining stresses. The dynamic
changes, i.e., fluctuation-increase-decrease, in correlation
dimension can accurately reflect the damage evolution process of
a sample. In addition, the gradual reduction of the correlation
dimension can be regarded as the precursor information for coal
sample instability and damage. This finding has guiding signifi-
cance for preventing the occurrence of coal and rock gas dynamic
disasters.
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